At least 200 000 m 3 of timber is harvested annually using semi-mechanised harvesting systems on the Viphya forest plantations in Malawi. Although these systems have long been used on the Viphya, no investigation on their productivity has so far been reported.
Introduction
Raiply (Malawi) Ltd has a timber concession constituting 20 000 ha of the 53 500 ha of the Viphya forest plantations (GoM 2001) . It is estimated that about 200 000 m 3 of round wood is harvested from the concession area per year using semi-mechanised harvesting systems.
The semi-mechanised system is comprised of chainsaws and grapple skidders. Felled trees are extracted to the roadside landing in full-tree form. Full tree harvesting methods could also be accomplished using feller buncher-grapple skidder combinations as basis for mechanised harvesting (Eggers et al. 2010 ).
The application of mechanised timber harvesting systems is still limited in southern Africa but steadily increasing (Iarocci 2007) . As these harvesting systems are not presently available on the Viphya forest plantations in Malawi, there is a need for productivity and operational costs to assess their feasibility on the Viphya. While these systems are typically much safer for the forest workers (Evanson and McConchie 1996) , Wang et al. (2004) indicated that high initial costs of mechanised systems become unnecessarily prohibitive for 3 small scale harvesting contractors in spite of their well-known high productivity levels in harvesting. Egan and Baumgras (2003) also argue that mechanised systems become less effective where large diameter and irregular terrain exist. The terrain on most of the Viphya is such conducive for the application of mechanised systems except for a small portion that lies in the eastern escarpment of the plantations. On the other hand, manual systems have been criticised as slow and therefore less productive for commercial harvesting on the Viphya (Luhanga 2009 ). Axes are commonly used for felling and debranching operations largely by small scale contractors in the Viphya plantations. Other productivity studies conducted by Björheden (1998) showed that manual harvesting systems were more favourable for ergonomic, economic and efficiency reasons over mechanised systems in carrying out intermediate (thinning) pine harvests. Manual systems lack bunching capabilities prior to extraction in timber harvesting. Visser and Stampfer (2003) reported significant differences in costs between bunching and non-bunching tasks in pine tree length harvesting system.
This study compared the production rates and operational costs of chainsaw-grapple skidder and feller buncher-grapple skidder harvesting systems in order to determine the economic feasibility of mechanised systems in the Viphya forest plantations. Such information is vital for making blanket recommendations of migration to fully mechanised timber harvesting systems for the plantations in Malawi.
Methodology

Description of the study site
The Generally, these soils become highly plastic during the rainy season. In valley bottoms, clayey poorly drained soils are common in the Viphya (Cornelius 1989 ).
Specific study sites were Pinus kesiya compartments C252B and C253C of Kalungulu forest planted in 1977 and Z151B of Champhoyo forest was planted in 1975 of (Figure 1 ). The choice of compartments for this study followed a harvesting plan designed by Raiply to undertake clear-felling for its mills. Raiply designates compartments for harvesting based on age, piece size and accessibility. A candidate compartment for harvesting is normally older than twenty-five years with a mean diameter at breast height (DBH) of >30 cm. Such piece sizes become ideal to provide assortments for a range of log products for the veneer, rough sawn timber and medium density fibreboard mills. Accessibility of the truck transport in the dry or wet seasons is yet another criterion that Raiply uses to select a compartment for harvesting. During the wet season, Raiply opts for ridge roads which are generally accessible or minimises the travel distances off the bitumen Mzuzu-Lilongwe M1 road for the truck transport. P. kesiya is regarded as an alternative prime wood after P. elliottii (whose stocks have so far dwindled), especially for the plywood production. 
Compartment characteristics
Pre-harvest stand density of P. kesiya at the study sites was estimated to be 375-450 stems ha -1 (SPH) after sanitary thinning activities that were completed in the early 1990's. Kalungulu forest had 375 stems ha -1 while the SPH for Champhoyo was estimated at 450 (VPD 2005).
Slopes ranged from 3 o to 14 o in the study sites. The ground conditions were very good, good and moderate as defined by Erasmus (1994) for the terrain classifications for forestry in South Africa. Moderate ground conditions were particularly experienced in compartment Z151B due to incidental winter rains. The maximum ground roughness was "uneven" in all compartments. Table 1 presents the compartment characteristics of the study compartments. 
Harvesting system description
The study was carried out on a full-tree timber harvesting system, using a grapple skidder working in combination with either chainsaw felling or a simulated, tracked self-levelling feller buncher (Table 2) . Work elements for a chainsaw were sharpening chain, refuel, walk 6 to tree, cut and delay. A delay was defined as time >15 minutes lost due to personal, technical or operational interruptions (Nurminen et al. 2006 ).
The choice of a tracked self-levelling feller buncher to undertake simulated mechanised felling was not solely based on compartment characteristics presented in Table 1 but rather on wider range of terrain classes that exist on the Viphya forest plantations. Typical work elements for a feller buncher comprise of move to position, fell (cut), swing tree to bunch, swing to next tree and delays (Thomson 2003 , Wang and LeDoux 2003 , Acuna et al. 2011 ).
The operations of a grapple skidder were observed from point of origin (landing), to compartment and back to landing. These operations were sub-divided into the following work elements: drive empty, change position, bunch, drive loaded and drop, turn, align and delay. Critical work elements of primary concern were used in a preliminary study or activity sampling to achieve 95% confidence level for the minimum required number of cycles in the study. The minimum numbers of cycles for felling and skidding time studies were determined using a statistical method (Kanawaty 1997). Three hundred and forty nine (349) chainsaw felling cycles and 412 skidding cycles were observed during the period of study.
Operators were assumed to be average performers for each machine studied. Trees to be skidded were randomly selected by the operator with regard to ease of operation and safety aspects. The operator was assisted in his decision making by the assistant operator in the selection of logs.
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Data collection and analysis
Primary time study elemental time data were measured in centi-minutes using a digital decimal stopwatch. Secondary work study data for the tracked self-levelling fellerbuncher were used (Derek Howe, 2012, John Deere, Nelspruit, South Africa, pers. comm). Total time was calculated as the sum of elemental times constituting a cycle. Delay-free time study data for a chainsaw, grapple skidder and tracked self-levelling feller buncher are presented in Table 3 , Table 4 and Table 5 respectively. The number of trees felled and extracted to the roadside (landing) per trip was recorded. All incoming full trees per skidding cycle were measured at the landing after debranching and 9 cross-cutting operations. Log diameters were measured on the thick-end, middle and thinend in centimetres. Log length was measured in metres using a linear tape. Log volume was estimated using Newton's model (Equation 1) according to Avery and Burkhart (2002) . Extraction distance (compartment to landing) was measured in metres using a GPS. Other site-based information included slope (measured in percentage), ground condition, ground roughness and brush density recorded as categorical data (Erasmus 1994) . Soil moisture content (in relative terms) was used to qualify ground conditions; height of obstacle and incident of its occurrence were used to qualify ground roughness while visibility distance of the operator was used to define brush density in a compartment. Due to absence of mechanised systems (feller buncher and grapple skidder combinations), synthetic data were adapted for simulation purposes (Forestry Solutions 2007).
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Fixed, variable, labour and overhead costs (in US$ equivalent) of a chainsaw, feller buncher and grapple skidder were recorded for calculation of hourly production costs. Current cost values and exchange rates were applied. A costing model was used to determine the production rates and costs based on average output per machine hour for observed (chainsawgrapple skidder) and simulated (feller buncher-grapple skidder) operations. Table 6 shows the production rates and costs of a semi-mechanised harvesting system that had an annual target of 200 000 m 3 of logs on the Viphya forest plantations. To achieve the target, the system required three chainsaws and six grapple skidders. The production rate for a chainsaw was 71.08 m 3 per machine hour (m 3 mhr -1 ) at a cost of US$0.27 m -3 . The observed productivity for a grapple skidder averaged 21.51 m 3 mhr -1 at a production cost of US$4.63 m -3 . The combined operational cost for the semi-mechanised system was US$4.90 m -3 . Two people (operator and assistant) were required per machine for any particular production system. 
Results
Production rates and costs for semi-mechanised system
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Production rates and costs for mechanised system
The simulated mechanised system is shown in Table 7 . When a feller buncher was used in place of a chainsaw in similar compartment characteristics, two feller bunchers and two grapple skidders were required to produce 200 000 m 3 annum -1 . A production cost of US$2.47 m -1 was associated with a volume production of 116.0 m 3 hr -1 . The production rate of a grapple skidder was 75.0 m 3 hr -1 at a cost of US$1.54 m -3 . The total cost for mechanised system was US$4.01 m -3 and each machine required one operator. 
Discussion
Comparison of systems production rates and costs
The outputs at the landing imply that the semi-mechanised system (Table 6 ) was less productive per hour than simulated mechanised system (Table 7) . Use of a simulated feller buncher enabled bunching of felled trees prior to extraction with a grapple skidder in a mechanised system, by using the bunching arms fitted to the head. This is an added advantage of mechanised over semi-mechanised systems (Stampfer 1999, Visser and Stampfer, 2003) , as the skidder is relieved from fulfilling the bunching activity. Contrary to this, directional felling is significantly less controllable with chainsaw felling, this being further aggravated through trees with excessive lean and felling during windy conditions. No wonder that total felling time took an average of 1.224 minutes in a semi-mechanised system (Table 3) . Except for drop in skidder productivity when felling by chainsaw, unplanned trails 13 and frequent turns in the compartment by the skidder can lead to adverse environmental problems in ground skidding. The bunching and regulated tree butt presentation (Table 5) minimised total skidding cycle time thereby maximising the associated production rates.
Similar reports in favour of mechanised systems exist in timber harvesting literature (Han and Renzie 2005 , LeDoux 2010 , Acuna et al. 2011 .
Although chainsaw operational costs were lower (US$0.27 m -3 ) in a semi-mechanised system than costs of a feller buncher (US$2.47 m -3 ) in a mechanised system, bunching offset the total harvesting costs of the systems. The overall operational costs difference between semimechanised (Table 6 ) and mechanised (Table 7) harvesting system was US$0.89 m -3 . Spinelli and Visser (2009) pointed out that the productivity of the whole system is more important than single machines in an operation. Hence, these findings are similar to arguments also made by Stokes and Hartsough (1993) and, Egan and Baumgras (2003) that the absence of bunching increases the overall costs of timber harvesting.
To achieve optimum productivity, an appropriate harvesting system mix is vital (Uronen 1980) . A system mix of three chainsaws to six skidders (Table 6 ) and two feller bunchers to two skidders (Table 7) was optimal for an annual target of 200 000 m 3 . The number of machines for the semi-mechanised system was higher than those for mechanised system with productivity (m 3 mhr -1 ) at the roadside landing being a constraint. Due to lower productivity of grapple skidders in the semi-mechanised system, as a result of load gathering many felled trees were left infield at the end of the day. However, the productivity constraint can be overcome by having a double shift for a grapple skidder to ensure that excess volume felled by two chainsaws is extracted in time. Alternatively, another grapple skidder could be purchased, but harvesting contractors tend to resist this option due to high initial capital investment cost associated with grapple skidders in the context of forestry in Malawi.
Furthermore, the annual cut has been balanced by increasing the number of machines in each of the two systems until each system is in a balanced flow. The need for additional chainsaws for debranching and cross-cutting operations of full-trees into logs in both systems at the roadside landing exists. Theoretically, the two systems should thus take the same duration of time. This implies that additional equipment management costs are inevitable particularly in semi-mechanised systems. Although cheaper, mechanised harvesting systems, by their very nature have negative aspects that need to be considered in the context of forest harvesting in Malawi. One key issue that needs to be considered by forest managers relate to the level of after sales service from equipment suppliers, considering the absence of such systems operating in the country at present. This poses a very significant risk of high down time, resulting in excessively expensive harvesting operations over the life of the system.
Conclusions and recommendations
Conclusions
From a cost standpoint, mechanised systems appear to be more advantageous than semimechanised systems. The former are associated with lower operating costs and inventories with relatively high production rates. The productivity of a grapple skidder is constrained by the absence of bunching operations in semi-mechanised systems. Bunching and alignment of felled trees minimise turns of grapple skidders while assembling the load or beginning the travel loaded phase of the cycle. Therefore, mechanised systems could help to optimise timber harvesting productivity on the Viphya.
Recommendations
Mechanised systems should be tested on the Viphya forest plantations in order to confirm simulated results. A practical application of mechanised systems would be important to validate the associated economic gains due to simulation.
